By using photoexcitation, we unambiguously establish that the well-known diamagnetic muonium spin precession signal in Ge is in fact due to two diamagnetic states. Their temperature dependences are studied up to room temperature. The signal due to one of these states is strongly influenced by the photoexcited carriers while the other is not. The identification of these two centers is discussed.
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9 that of the proton, but both are much heavier than the electron. Since the reduced mass associated with the muonium ͑ + e − ͒ atom is very similar to that of the hydrogen atom, they have very similar electronic structures. However, processes that are dependent on mass, such as diffusion, can be noticeably different.
It has been experimentally established that several distinct isolated muonium centers can be formed when + 's are implanted into germanium. Two of these states, commonly labeled as Mu BC 0 and Mu T 0 , are neutral and hence paramagnetic: the Mu BC 0 center is located in the Ge-Ge bond center ͑BC͒ position and, as a consequence of its location, has an anisotropic hyperfine interaction. The Mu T 0 center has an isotropic hyperfine interaction and is believed to be diffusing rapidly between interstitial tetrahedral ͑T͒ sites. At low temperatures, approximately Ϸ72% of the implanted muons form Mu T 0 and Ϸ8% form Mu BC 0 . 2 The two neutral states both disappear at Ϸ110 K in high-purity germanium.
A nonparamagnetic ͑"diamagnetic"͒ state is also observed in Ge, corresponding to a muon without an unpaired electron. Possible candidates for this center include an isolated Mu − , isolated Mu + , and a muonium-dopant complex, but it is not obvious experimentally which of these states is the relevant one. This is because diamagnetic muonium centers lack a hyperfine interaction and, therefore, cannot be spectroscopically distinguished from each other. 19 In the dark, the amplitude of the transverse-field SR diamagnetic precession signal is small at low temperatures but increases dramatically at 150-200 K. 2 Near room temperature, only the diamagnetic signal is present, and this signal accounts for almost 100% of the muon fraction.
A particularly interesting study on Ge was carried out by Kadono et al., 20, 21 combining longitudinal-field ͑LF͒ SR with the photoexcitation. The optical excitation generates free carriers in the semiconductor. By studying the so-called repolarization patterns, i.e., detailed field dependences of the LF-SR spectra, they concluded that there were two diamagnetic states coexisting in their Ge sample. One of these states underwent strong interactions with the photogenerated carriers while the other did not. They surmised that the former state was a muon undergoing charge exchange with carriers, while the latter was a complex between Mu − and a dopant, formed via a delayed reaction process. However, as described in Ref. 3 , LF-SR studies have the disadvantage that it can be difficult to distinguish between Mu BC 0 , Mu T 0 , and the diamagnetic muonium states which can be simultaneously present in the sample. Hence, it would be useful if one was able to carry out analogous studies under conditions where the diamagnetic state͑s͒ can be unambiguously identified and investigated.
Recently, we demonstrated that optical illumination can affect the precession signals associated with the various muonium centers and used this technique to study the detailed photoinduced dynamics of muonium in Si. 22, 23 The ability to monitor the precession signals is important since a unique set of precession frequencies is associated with each of the muonium states ͑as a consequence of their different hyperfine interactions͒, allowing unambiguous identification of the state involved in the dynamics. In this paper, we apply this technique to investigate the diamagnetic signal in Ge. While the precession signals associated with the diamagnetic states are indistinguishable in the dark, optical illumination shows that this signal is in fact composed of two different diamagnetic centers. The signal corresponding to one of these states is strongly affected by the free holes in the sample, while the other signal is hardly influenced by the free carriers. Possible candidates for these two diamagnetic states are discussed.
The optical SR experiment was carried out at the M15 and M20 beamlines in TRIUMF, Vancouver, Canada. We will only briefly describe the experimental setup below-a detailed description is available in Ref. 22 . Four Ge samples ͑from Dr. Haller at Lawrence Berkeley Laboratory͒ with different dopant types and densities were investigated: n11 ͑n type Ϸ10 11 cm −3 ͒, n13 ͑n type Ϸ10 13 cm −3 ͒, p12 ͑p type Ϸ10 12 cm −3 ͒, and p13 ͑p type Ϸ10 13 cm −3 ͒. The sample under investigation was mounted in the optical cryostat, illuminated on one face, while the muons were implanted into the other face. The source of the illumination was a 250-W tungsten halogen light bulb. The light was chopped with a mechanical chopper such that the sample was illuminated for 1 s and in the dark for 1 s ͑and the cycle repeated͒. This period keeps the temperature variation small and is still much longer than the recombination time of the photogenerated carriers. The light-on and light-off spectra were recorded in separate histograms. The diamagnetic states are detected as a standard TF-SR precession signal at the Larmor frequency of ␥ H, where ␥ is the gyromagnetic ratio of the muon ͑135.54 MHz/T͒ and H is the magnitude of the external magnetic field. The value of H was chosen to be Ϸ1 kG, corresponding to a signal precessing at a convenient frequency of Ϸ13.5 MHz. Figure 1 shows typical TF-SR spectra of the diamagnetic signal in Ge in the dark ͓Fig. 1͑a͔͒ and under optical illumination ͓Fig. 1͑b͔͒. There is clearly a dramatic difference between the dark and illuminated spectra, a behavior that is in fact seen in all four Ge samples that we have studied. Note that in the dark, the spectrum appears to be a single diamagnetic signal that is relaxing ͓Fig. 1͑a͔͒. However, when the sample is photoexcited, there is unambiguous evidence that this signal is in fact composed of two diamagnetic states. In particular, as shown in Fig. 1͑b͒ , one component or state undergoes significant relaxation while the other relaxes very little. We also investigated the influence of the light intensity ͑i.e., optical power was varied from 25 to 175 W͒ on the relaxations and amplitudes of the two diamagnetic components. 24 The amplitudes of both components did not depend on the intensity of the light. The relaxation rate of the relaxing diamagnetic signal increased significantly when the light intensity increased. However, the relaxation rate of the weakly relaxing diamagnetic signal only increased slightly.
There are several noteworthy conclusions related to the observations described thus far: ͑i͒ in order for a coherent precession to be observable in a TF-SR experiment, as in these experiments, both diamagnetic states must be formed promptly; i.e., they are formed at rates much faster than the precession frequency. The effect of the illumination is to generate free carriers in the Ge sample with which the muonium states may subsequently interact. Hence, the enhanced relaxation is due to a prompt diamagnetic state that is undergoing interactions with either the free electrons and/or holes, and the interaction rate increases as the carrier concentration increases. The nature of this interaction is discussed in more detail below. ͑ii͒ We can rule out a scenario whereby either diamagnetic state is "optically generated" since the brightness ͑i.e., optical power͒ of the light does not change the amplitude of either diamagnetic state. Therefore, the population of the diamagnetic states are still only determined by the thermalization process that follows the muon implantation.
The temperature dependence of the initial amplitude of the dark diamagnetic signal is shown in Fig. 2͑a͒ for our four Ge samples. This behavior is similar to that observed in previous experiments.
2 However, the current photoexcitation experiments enable us to clearly separate the contribution from each diamagnetic state and to monitor the temperature dependence of their amplitudes. This is done as follows: Designating A and B as the relaxing and slowly relaxing components, respectively, the TF-SR polarization spectrum at each temperature ͑such as those shown in Fig. 1͒ Fig. 2 , we divide the data into three regions. In region I ͑T Ͻ 150 K͒, the diamagnetic muonium fraction is small. In this region, most of the implanted muons form paramagnetic states, namely, Mu BC 0 and Mu T 0 , which subsequently disappear by Ϸ110 K. 2 At the start of region II ͑150 K Ͻ T Ͻ 200 K͒, the formation of diamagnetic state B has become fast enough that significant amplitude can be observed ͓see Fig. 2͑c͔͒ . The amplitude of state B saturates at Ϸ200 K. Above 200 K ͑region III͒, diamagnetic state A is being formed and the amplitude saturates by Ϸ280 K. As mentioned earlier, this state undergoes significant interaction with the photogenerated charge carriers that leads to strong relaxation of the precession signal. Note that our observation that the amplitudes of both A and B are not significant until "high" temperatures indicate that these states arise from thermally activated transitions from neutral precursor states.
We now discuss in more detail the interactions of states A and B, and also their possible identifications. As can be seen in Figs. 2͑b͒ and 2͑c͒ , there is very little change in the amplitudes of A and B although the dopant type has changed from n type to p type, and the doping density has changed by several orders of magnitude. This suggests that neither state is a complex formed by muonium with the intentional electrically active impurity. By contrast, in addition to being significantly modified by the illumination, the dark relaxation rates of state A are highly dependent on the doping of the sample. In particular, at a specific temperature, the relaxation rate of state A increases as the free hole concentration increases, as shown in Fig. 3 . On the other hand, increasing the free-electron concentration ͑cf. sample n11 with n13 in Fig.  3͒ does not increase the relaxation rate. This implies that state A interacts with holes but not electrons and is, therefore, likely to be a negatively charged center. The relaxation associated with this state would then be due to a fluctuating hyperfine interaction that originates from charge-state fluctuations between the negatively charged and neutral states, e.g., Mu − + h + Mu 0 . 25 ͑A rapid charge cycle involving the T-site Mu 0 has been observed in ultrapure Ge, 26 also starting near 200 K, although it was assigned to electron processes and Mu + .͒ Notice also that, as shown in Fig. 3 , as the temperature increases in the n11, n12, and p13 samples, the relaxation rate of state A decreases. Such behavior indicates that state A is in the so-called "dynamically narrowed" regime. 23, 25 That is, the transition rate from the paramagnetic precursor state is fast compared to its corresponding hyperfine oscillation͑s͒ and becomes even faster as the temperature is increased. This is also consistent with the dramatic increase in state A's amplitude starting at Ϸ200 K ͑see Fig. 2͒ , a signature that neutral muonium is making a rapid transition into the diamagnetic state 2, 26 in that temperature range. The Mu − center is expected to be located in the T site, at which the electron repulsion is the smallest among the diamond lattice. 27 Hence, we assign state A to be Mu T − . Based on the large amplitude fraction of Mu T − at high temperatures ͓Ϸ75% of the diamagnetic signal near room temperature corresponds to state A ͑see Fig. 2͔͒ , it is reasonable to assign Mu T 0 as its precursor neutral state since it makes up the largest fraction of the low-temperature muonium fraction ͑Ϸ72%͒.
We now discuss state B. We assign state B to Mu BC + and its precursor state to isolated Mu BC 0 ͑although this would mean that the low-temperature fraction of Mu BC 0 in our samples is higher than the 8% reported in the literature 2 ͒. In the dark, the relaxation of this state is small ͑generally Ͻ0.05 s −1 in the dark for all four samples͒. The photoexcitation increases the relaxation rate of state B slightly ͑up to about 0.1 to 0.7 s −1 depending on the sample and temperature͒, suggesting that there is some interaction with the photogenerated carriers, likely via the process Mu BC 0 Mu BC + + e − . This electron ionization or capture process is the analog of the well-established reaction involving Mu BC + in Si. 22, [28] [29] [30] Note that a charge cycle at the BC site was also claimed to be relevant from previous LF relaxation data in ultrapure Ge, 26 leading to a maximum relaxation rate of about 0.4 s −1 near 250 K. This cycle became too rapid to have any visible effect just above 300 K as the intrinsic carrier concentration exceeds ϳ10 13 cm −3 , roughly that estimated to be photogenerated in the present experiment.
We note that states A or B are not likely to be the Mu + -dopant complex. It is difficult to reconcile such an assignment with the very similar behavior of both states' amplitudes in four samples that have vastly different dopant concentrations and type. Furthermore, the complex should be quite stable to thermal dissociation, and therefore, charge fluctuations should not be relevant-this contradicts our observations that the relaxations of both states can be photoinduced. Finally, we compare our results on Ge with those of Kadono et al. 20 using the photoexcited LF-SR technique. As discussed earlier, they inferred the presence of two diamagnetic states. One of these states underwent strong interactions with the charge carriers-we believe that this is our state A. They assigned the other state to a Mu − complex that is formed in a delayed reaction process. This assignment of a delayed state is not consistent with our state B. In addition to our reasons outlined above making the assignment of state B to a muonium-dopant complex unlikely, the fact that we can observe a precession signature is strong evidence that state B is formed promptly. Their n-doped Ge sample had an estimated ͓Sb͔ Ϸ10 14 cm −3 , which is a significantly higher n doping than our highest n-type sample ͑n13͒. If their assignment is indeed correct, perhaps the formation of the complex becomes significantly more prominent as the n-dopant concentration increases.
In conclusion, using photoexcitation in combination with conventional TF-SR allowed us to separate the diamagnetic signals in Ge. One of the diamagnetic components is likely Mu BC + and the other Mu T − .
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